We have been developing the Orthopaedic physical examination assisting system using magnetic position tracker to quantitate knee laxity diagnosis. In this study, to investigate the influence of anatomical landmark sampling error for bone coordinate registration, reproducibility verification simulation was done. Firstly, the motion data of imitation bones was acquired using the system and set as a reference data. To get the error motion data, virtual error vectors were added on the reference sampling points and new motion data was recomputed. Evaluation was executed by comparison with the reference data and recomputed data. The evaluation results lead improvement methods of measurement reproducibility as follows. 1. It is important to point the landmarks proximal to the knee carefully because the contribution of the motion error is higher than the distal landmarks. 2. To reduce the registration error, thigh and shank receivers should be set close to the knee as possible. 3. If the allowance area of the sampling error is in 2.0 mm diameter circle, Diagnosis error using IKDC Knee examination form is approximately 20 %.
Introduction
Since the structure of knee joint is complex, various types of knee disorders, including muscle, tendon and ligament damages, meniscus damage, patella dislocation/fracture, and knee osteoarthritis are reported. Among them, anterior or posterior cruciate ligament injury is one of the most serious injuries, and unless diagnosis or treatment is promptly carried out, the affected knee becomes chronically unstable because of the induction of early degeneration. To diagnose knee ligament damage, the degree of knee joint laxity is assessed by orthopaedic physical examination (1) , (2) in the clinical setting. During the diagnosis, the orthopaedic physical examination is carried out by a physician manually applying a load on the affected site Fig. 2 Overview of knee laxity diagnosis by using the developed system (3) Since joint laxity varies based on individuals, during Knee laxity testing, diagnostic assessment is carried out by comparing the healthy knee and the injured knee, or before and after the treatment. Therefore, upon measuring the joint motion, the most important parameter is reproducibility. In this system, magnetic three-dimensional position measuring system FASTRAK (Polhemus, USA) was used to obtain the knee coordinates. The subject wore receivers on the thigh and shank to register their coordinates via acquiring seven anatomical landmarks. The reproducibility of the examination depends on the accuracy of the sampling of anatomical landmarks performed by a physician. In the field of orthopaedics, to evaluate the reproducibility of registration, various studies have been carried out previously in the field of surgical navigation. Among them, an image-free navigation system utilizing a preoperativeimage-free simplified registration method is similar to our proposed method. These image-free navigation systems have been evaluated in vitro (4) , (5) and in clinical cases (6) - (8) . However, the purpose of surgical navigation is to accurately perform osteotomy or bone drilling according to preoperative planning. Previously, the osteotomy position or angle has been mainly evaluated by postoperative CT or X-ray, focusing on the accuracy of the absolute position of the femur and the tibia coordinate systems. The focus of this present study is the relative displacement between the femur and the tibia. The repetitive reproducibility of the individual coordinate system is important. If a sampled anatomical landmark is slightly shifted from the defined point, then there is no problem as long as the shift occurs in the same manner to both directions or occurs every time sampled. Due to this nature, our present focus is significantly different from the surgical navigation system. In this paper, we focused on the reproducibility of the registration and investigated how anatomical landmark sampling error influences motion measurement reproducibility of the system. Additionally, based on the experimental results, we propose a method to improve the reproducibility of the measurement. Lastly, we evaluated the relationship between the magnitude of landmark sampling error and the probability of diagnostic error by applying the international standards of diagnostic joint laxity (IKDC Knee examination form (9) , (10) ).
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Research method

Assessment by anatomical landmark sampling error simulation
Orthopaedic physical examination assisting system detects the relative positional relationship between the femur and the tibia coordinate systems that are changed by external force. The most accurate way to evaluate the results acquired by the system is to compare measurement values with the system values after simultaneously taking an X-ray or CT image of these two bones. However, due to an ethical reason to minimize radiation exposure to the subject and the examiner, this method is not practical since it requires repetitive measurements. In this paper, we investigated the degrees of acceptable human errors in the clinical sampling by simulating the errors in the joint motion measurement derived from the sampling errors of anatomical landmarks. Figure 3 shows the overview of the sampling error simulation using the orthopaedic physical examination assisting system. Registration of the relative positions between the femur coordinate system and the thigh receiver coordinate system, as well as between the tibia coordinate system and the shank receiver coordinate system are carried out by placing magnetic three-dimensional receivers on the thigh and the shank, and sampling the anatomical landmarks described in §2.3. Six degrees of freedom (6DOF) knee joint motion during the examination was calculated using the thigh and the shank receiver data. The coordinate transformation matrix was obtained from the registration. The formula to describe knee joint motion is defined in §2.3. In this study, anatomical sampling landmark point data (reference sampling data) were first acquired from a certain trial. 6DOF thigh and shank receiver motion data and 6DOF knee joint motion (reference joint motion) were calculated using these recorded data. Next, various virtual error vectors were added to the reference sampling data by simulation. The registration was re-ran, and 6DOF knee joint motion as simulated knee joint motion was recalculated by using recorded 6DOF thigh and shank receiver motion data and new coordinate transformation matrices. Simulated knee joint motion was compared with the reference joint motion data treated as true value, and this difference was analyzed as the effect on motion measurement reproducibility derived from anatomical landmark sampling error. Fig. 3 Overview of the sampling error simulation method using the orthopaedic physical examination assisting system Figure 4 describes the system we developed. We use FASTRAK as three-dimensional position measurement system, which measures the three-dimensional position (x, y, z) of the receivers and Euler angles (Azimuth, Elevation, Roll). The level of measurement precision (RMS) is 0.76 mm for the position and 0.15 degrees for the angle. Measurement frequency is 30 Hz. Wearable input device (Fig.5) is worn on the examiner's hand to measure force vector input against the knee. The force sensor used is a small 3-axis force sensor with 5.0 mm in thickness (USL-H5-200N: Tec Gihan Co., Ltd.), which can detect vertical and shearing forces. Anatomical landmark acquisition stylus (Fig.6) various computations including coordinate transformation and display/record of data, a notebook type PC with an all-in-one monitor was used. Developing language is C++.
Outline of the orthopaedic physical examination assisting system
Definition of knee joint coordinate system
In this section, we describe knee joint coordinate system. Grood coordinate system (11) is generally used in orthopaedics but it has a problem in using the points which cannot be percutaneously obtained. Therefore we adopt the coordinate system (12) (Fig.7) Furthermore, Fig.8 shows the model of 6DOF knee motion having a floating axis F at right angles to both the X-axis of Σ Femur and the z-axis of Σ T ibia . When the vector connecting the origin of Σ Femur and the origin of Σ T ibia is H, the base vector of Σ Femur is (I, J, K), the base vector of Σ T ibia is (i, j, k), and the base vector of the floating axis F is e F = (k × I)/ k × I . Additionally, based on the Grood definition (11) , terms are expressed as follows: α (flexion
, β (varus angle, in case of the right knee) = cos −1 (I · k) − π/2, γ (external rotation angle, in case of the right knee) = − sin −1 (i · e F ), q 1 (lateral displacement magnitude) = H · I, q 2 (anterior displacement magnitude) = H ·e F , and q 3 (distal displacement magnitude) = −H · k.
Measurement method of 6DOF knee motion
In this section, the method of the anatomical landmark sampling, registration and motion measurement is described. As shown in Fig.9 , the receivers were fixed on the femoral part and the lower leg part with the Velcro fastener. Assuming that the relative position between the femur and the thigh receiver, and between the tibia and the lower leg receiver are constant, the position/posture of Σ Femur and Σ T ibia during motion were calculated from each receiver's data by obtaining the 4×4 homogeneous transformation matrix between Σ Femur and the thigh receiver coordinate system Σ T high ,
T h
T Fe (Eq. (2)), and the 4×4 homogeneous transformation matrix between Σ T ibia and the lower leg receiver coordinate system Σ S hank ,
S h
T T i (Eq. (4)), and subsequently registering the data.
Anatomical landmark sampling method
First, anatomical landmark coordinates in the Σ T high and Σ S hank systems (hereinafter referred to as sampling) were measured. We will explain using the greater trochanter (Point A in 
Coordinate system registration method
In this section, the method of the femur and the tibia coordinate registration is described. Based on the definition of the coordinate system and the position vectors described in the previous section, I , respectively, they are expressed as follows:
T Fe becomes the following equation:
(2) Tibia coordinate system Σ T ibia : Let the original point and base vector of Σ T ibia in the Σ S hank system, and the base vector of the axis connecting Point D and Point E be i , respectively, they are expressed as follows:
T T i becomes the following equation:
S h
Motion measurement method When
T r
T Fe is placed as a homogeneous transformation matrix from Σ Femur to Σ T rans , and T r T T i is placed as a homogeneous transformation matrix from Σ T ibia to Σ T rans , the following equations are established:
T r T S h is obtained from the lower leg receiver similarly to T T i respectively, and by substituting them to the Grood definition as mentioned above. The developed system shows the two sets of information in real-time. One is the 6DOF knee motion and the other is the force vector added to the tibia. By feeding back the posture of the subject knee and the position and magnitude of force vectors to the physician, improvement of accuracy and reproducibility of examination is expected.
Simulation method and condition
Since the anatomical landmarks are sampled percutaneously, error vectors of the anatomical landmarks may move on the skin surface. Therefore, based on the shape of the human lower limbs, we made the following assumptions regarding the direction of potential error vectors:
( 1 ) all the femur anatomical landmark error vectors are present on the plane with a line connecting the medial epicondyle (Point B in Fig.7 ) and the lateral epicondyle (Point C in Fig.7) as a normal line, ( 2 ) an intersection of the MCL and the knee joint line (Point D in Fig.7 ) and the tibia anatomical landmark error vector of proximal end of the fibula (Point E in Fig.7) are present on the plane with a line connecting Points D and E as a normal line, and Journal of Advanced Mechanical Design, Systems, and Manufacturing Vol.7, No.2, 2013 ( 3 ) the tibia anatomical landmark error vectors of the medial malleolus (Point F in Fig.7 ) and the lateral malleolus (Point G in Fig.7 ) are present on the plane with a line connecting Points F and G as a normal line.
Based on these assumptions, the error vectors are given to the anatomical landmarks as shown in Fig.10 . Hereinafter, the greater trochanter (Point A), which is one of the anatomical landmarks, is described as an example.
Based on the assumptions whereby an error vector coordinate system Σ Error defines a BC axis as a Z-axis with respect to the plane with a normal line connecting Points B and C, the error vector Er r in the error coordinate system becomes the following equation:
This error vector is added to the coordinate of Point A ( T Er is the transformation matrix from the local coordinate system to the thigh receiver coordinate system. 
T h
Finally, the simulation is conducted by replacing the
g (reference sampling data) in the Eqs. (1) and (3) to
Simulation condition 1: When the error occurs for each anatomical landmark
For all anatomical landmarks, 6DOF joint motion error is calculated when the error vectors are given to the reference sampling data,. Considering the range of potential error that may occur during the sampling, the norm of error vector Er r is adjusted from 0 to 20 mm by every 1 mm. In addition, for each size of the error vector, its angle θ is adjusted from 0 to 360 degrees by every 10 degrees.
Simulation condition 2: When the errors occur in all anatomical landmarks
In addition to the above-mentioned situation in which an error is given to each anatomical landmark, the errors may occur in all anatomical landmarks. Assuming that the thigh receiver and the femur anatomical landmarks, as well as the shank receiver and the tibia anatomical landmarks are located on the same rigid body, having the errors in the anatomical landmark coordinates could indicate the loss of the rigid-body condition. Therefore, based on the method described by Yoden (13) , RMS (Root Mean Square) value of σ T otal is given by the following equation as an index for the loss of the rigid-body condition.
Er r AEr r G are the error vectors which are given to each anatomical landmark. (10) To determine the relationship between the σ T otal and the calculated error of joint motion, σ T otal is adjusted from 0 to 20 mm by every 1 mm while the magnitude of the error vector which is added to each anatomical landmark is changed randomly to satisfy the Eq. (10). Then, the angle of the error vector is also changed randomly from 0 to 360 degrees. These operations are carried out and calculated 1,000 times for each σ T otal to determine the relationship between the σ T otal and the calculated error of joint motion.
Journal of Advanced
Mechanical Design, Systems, and Manufacturing Vol.7, No.2, 2013
The error between reference joint motion data and the simulation result
Reference joint motion data
The anatomical landmarks (reference sampling data) were actually sampled by using the stylus while fixing the receivers to the bone model for coordinate systems registration. The reference joint motion data obtained from manually exercising the bone model are shown in Fig.11 . The anatomical landmark sampling and the registration were carried out in a posture with a bending angle α of almost 0 degree. The exercised motion was extension-flexion movement because this movement represents many knee posture used in various knee examinations. The error vectors shown in Eq. (8) were added to the reference sampling points. The simulated joint motion was calculated using the recorded femur and tibia receiver tracking data. Figure 12 shows the representative results of the simulation with the error vector was added to each anatomical landmark: average displacement error (e T ran : average absolute value of q 1 , q 2 , and q 3 ) and average rotation error (e Rot : average absolute value of α, β and γ) added to the medial epicondyle (Point B). This result demonstrates the absolute value of the time average error between the reference joint motion data and simulated joint motion data, as well as the mean and standard deviation values that were calculated 36 times for each length of the error vector. Based on Fig.12 , within the margin of the provided error, both the displacement error and rotation error increased linearly for the magnitude of the error vector. The same trend was observed in the other six anatomical landmarks. The average value of calculated error was approximated linearly as Formula 11 and 12 using the least-square method and the inclinations, A T ran and A Rot were compared for each anatomical landmark. Figure.13 shows the results.
Simulation condition result 1: When the error occurs for each anatomical landmark
Based on Fig.13 , the calculated error of joint motion due to the sampling errors of the greater trochanter (Point A), the medial malleolus (Point F) and the lateral malleolus (Point G) was very small. On the other hand, the sampling error of the medial epicondyle (Point B), the lateral epicondyle (Point C), intersection of the MCL and knee joint line (Point D) and proximal end of the fibula (Point E) have larger impact in calculating the joint motion compared to other anatomical landmarks. Figure 14 shows the relationship between the displacement error (e T ran : average absolute value of q 1 , q 2 , and q 3 ), rotation error (e Rot : average absolute value of α, β and γ) and σ T otal (RMS values of all anatomical landmark errors). This value means the absolute value of the time average error between the reference joint motion and simulated joint motion as well as 
Simulation condition result 2: When the errors occur in all anatomical landmarks
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Compensation of simulation result 2 considering the precision of three-dimensional position measurement system
To further analyze simulation result 2, the error derived from the three-dimensional position measurement system was compensated. As mentioned in §2.2, the precision (RMS) of the magnetic three-dimensional position measurement system FASTRAK used in this study is 0.76 mm in position and 0.15 degrees in angle according to its specification. Although the RMS value and the standard deviation are different concepts by nature, we treat them as the values having the same concept assuming that variations in the values of FASTRAK are uniform (random error) and average error from the true value is 0. First, the error of the stylus receiver in anatomical landmark sampling was compensated. If there is no correlation between the position error and the angular error of FASTRAK, then the following relationship is expected (14) .
σ mm (position) and σ deg (rotation) as RMS value of FASTRAK precision, σ S amp (unit: mm) as RMS value of human sampling error.
S t
s is the magnitude of the vector from the origin of the stylus receiver coordinate system to the tip of the stylus (150.0 mm). It is necessary to compensate horizontal axis σ T otal to σ S amp in Fig.14 because the value that needs to be evaluated in this study is σ S amp . Additionally, in the simulation result 2, the precision of the thigh and the shank receivers was not considered as well. In Fig. 14, δ T ran and δ Rot are given as the standard deviation of the displacement and the rotation errors, Δ T ran and Δ Rot are given as the standard deviation after the compensation of receiver error for each value. If there is no correlation between the displacement error of the thigh and the shank receivers, as in Eq.
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The first term on the right-hand side (σ mmth , σ degth ) is the error of the thigh receiver while the second term (σ mmsh , σ degsh ) is the error of the shank receiver. Figure 15 shows the compensated result using Eqs. (13) to (15) . The magnitude of the horizontal axis is set up only to 10 mm for simplification so that the data we are focusing on will stand out.ē T ran andē Rot is the average value of the motion measurement error when the horizontal axis is replaced with σ S amp . In addition,ē T ran + Δ T ran andē Rot + Δ Rot , (with the compensated standard deviation) andē T ran + 2Δ T ran andē Rot + 2Δ Rot (with the doubled compensated standard deviation) are also illustrated here. Based on the shape of the graph, the influence of the receiver precision appears to be large when the value of the σ S amp is small. If all errors are approximated to occur according to the normal distribution (Fig.16) , then motion measurement error is present in the lower side of the line shown inē T ran +Δ T ran andē Rot +Δ Rot at approximately 84% confidence level (left tail probability) and present in the lower side of the line shown inē T ran + 2Δ T ran andē Rot + 2Δ Rot at approximately 98% confidence level (left tail probability). 
Discussion
Relationship of the location of the anatomical landmark and its effects on the measurement error of joint movement
As shown in Fig.13 , the effect of motion on the measurement data errors derived from anatomical landmark sampling error is not consistent, and various results were obtained for each anatomical landmark. In the joint coordinate system and joint motion model described in §2.3, calculated value of the joint displacement depends on the definition of the vector H connecting the origins of the femur and the tibia. Because the origin of the femur coordinate system is defined as a middle point of the Points B and C, and the Origin of the tibia coordinate system is defined as a middle point of the Points D and E, it was considered that sampling errors of these points greatly affected the joint displacement errors. However, because the computed value of the joint angle is calculated from the relative orientation of the coordinate systems of the femur and the tibia, the base vectors of each axis can affect the calculated value. Regarding the femur, because Point A defining the Z-axis direction is farther away from the Origin than Point B or Point C, while the position of Point A is slightly shifted from the reference anatomical landmark, the orientation of the Z-axis hardly changes. However, the distance between Points B and C defining the X-axis is small compared with the distance of the Origin and Point A, thus, the error of Point B or Point C had significant impact on the slope of X-axis. Similarly, in the case of the tibia, it is also considered that the sampling error of Point D or Point E defining the X-axis greatly affected the rotation error. From this result, upon Journal of Advanced Mechanical Design, Systems, and Manufacturing Vol.7, No.2, 2013 performing the actual registration, as long as Points B, C, D, and E are sampled carefully, precision of the registration is improved, and as a result, highly reproducible joint motion measurement is achieved. For example, as shown in Fig.17 , if there is a sagittal plane at the center of the knee joint, then by setting a more detailed anatomical landmark from the distal end of its surface, it becomes possible to point the same location every time. However, because the collateral ligament is present on the anatomical landmark, it is necessary to explore the exact point by palpation. Registration method of this study is the rigid-body point-based registration, which defines a coordinate system from the anatomical landmark position assuming the object as a rigid body. Fitzpatrick et al. (15) , (16) have introduced the concept of Fiducial Registration Error (FRE) and Target Registration Error (TRE) as the definition of the error that could occur in the rigid-body point-based registration. In our study, FRE corresponds to the measurement error of the receiver, and TRE corresponds to the sampling error of the anatomical landmarks. Figure 18 shows the relationship between FRE and TRE. As shown in Fig.18 , if measurement error FRE occurs at the reference receiver, the target error TRE also occurs at the anatomical landmark coordinate value. However, if the distance between the reference (receiver) and the target (anatomical landmark) is small, then even if the same FRE occurred, TRE would also be small. In this study, TRE is not considered, but if the distance between the receiver and anatomical landmarks is kept as small as possible, then the sampling error due to TRE can be minimized. To minimize the sampling errors of Points B, C, D, and E by TRE during the registration and to reduce the calculation error of the joint motion, the thigh and the shank receivers should be mounted close to the knee joint. However, in order to avoid the interference via the hands of the physician, it is necessary that the shank receiver be attached away from the knee joint by approximately 7 -8 cm. In addition, shortening the vector S t s to the tip of the stylus is also an effective method to improve the precision.
A device for increasing the accuracy for registration
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Vol. 7, No.2, 2013 4.3. The probability of the diagnostic error when using the present system There are not many reports quantitatively describing the criteria for diagnosing joint laxity, however the Knee examination form (9) , (10) , developed by International Knee Document Committee (IKDC) is well-known as a worldwide standard. Table 1 shows the evaluation index described quantitatively in the Knee examination form. All test items in Table 1 are written with Δ. This means the difference between the values measured with the affected side knee and the healthy side knee, and when the difference is large, the knee is determined to be abnormal. Table 1 Excerpt of quantitative evaluation test in IKDC knee examination form. Δ represents comparing difference between the affected knee and the normal knee or the knee assumed to be normal. Using the relationship between the displacement error, the rotation error, and RMS value σ S amp obtained in Fig.15 , the probability of diagnostic error in orthopaedic physical examination using the present system is calculated by the following simulation. In this simulation, the probability of diagnostic error is defined as the probability of making incorrect diagnosis from the grade in Table 1 (A to D) due to system error. The simulation method and condition are as follows:
( 1 ) the diagnostic range is from 0.0 to 15.0 (mm or degrees) and the grade interval is 5.0 (mm or degrees), ( 2 ) the hypothetical true diagnosis value was generated between 0.0 and 15.0 using the rand function, ( 3 ) based on the data in Table 2 , re-arranged from Fig.15 , hypothetical errors are generated based on the probability of normal distribution, which was uniquely determined from the mean value and standard deviation in each σ S amp , ( 4 ) the diagnostic results of step 2 were compared only with the diagnostic results obtained by adding step 2 to step 3 (If the two values are different, it is defined that the error occurs. The probability of the error was determined by repeating this operation for 10,000 times.), and ( 5 ) the error occurrence probability of the above-mentioned method was simulated for the following two parameters: displacement error, and rotation error of every σ S amp . Figure 19 shows the simulation results using the above method. For example, if the σ S amp is 1.0 mm and the physician points the anatomical landmarks within the 1.0 mm radius circle Journal of Advanced Mechanical Design, Systems, and Manufacturing Vol.7, No.2, 2013 (referred as sampling circle) of which the center is a reference sampling point coordinate, the error occurrence probability is shown in the vetical axis of Fig.19 . Based on Fig.19 , considering the displacement error, the error occurrence probability is approximately 20% if the sampling circle radius is 0.5 mm, approximately 24% if the radius is 1.0 mm, and approximately 28% if the radius is 1.5 mm, respectively. As to the rotation error probability, it is slightly smaller than the displacement error, and each error probability is approximately 16%, 22%, and 25%, respectively. In this study, the experiment on the minimum sampling circle error by physicians were not conducted. However, assuming the commonsense point of view that it is difficult to make the radius of the sampling circle below 0.5 mm, the highest and the limit of performance of this system is approximately 20% error probability in the case of 5.0 (mm or degrees) grade interval. In §4.3, diagnostic criterion is defined as 5.0 (mm or degrees) increment. For example, the width of diagnostic grade of Total AP translation A (Normal) is 2.0 mm, and the method proposed in this paper is beyond the limits of reproducibility. In this section, although it is different from the method proposed in this paper, we address the possibility of achieving the diagnostic criteria for 2.0 increments. If it is necessary to exactly determine the grade of the increments by 2.0, it is ideal that the error of the measurement device is within ±1.0 mm or ±1.0 degree. Conversely, based on Fig.15 , while sampling of σ S amp at nearly zero may be achievable, it is impossible to fit errors within ±1.0 mm or ±1.0 degree. Here, using the case of the posterior drawer test as an example, we discuss the possibility of an "end-to-end test" using the present system. The wearable input device used in this system has a three-axis force sensor capable of detecting negative direction of the force vector. Although it is not a criterion listed in the Knee examination form, for example, if the position when pushing force has reached 80 N is defined as a posterior direction endpoint and the position when pushing force has reached -20 N is defined as an anterior direction endpoint, and the difference between the two end point positions is taken, then stable test results can be obtained as long as there Journal of Advanced Mechanical Design, Systems, and Manufacturing Vol.7, No.2, 2013 is no significant problem reproducibly registering the femur and the tibia coordinate system (Fig.20) . Upon considering the standard deviation of the error Δ End in this case, only the displacement error of the thigh and the shank receivers should be considered, thus it can be described as below in the same manner as Eq. (13).
It is calculated that Δ End = 1.1 mm based on the specifications of FASTRAK. If the confidence level is set to 95%, 2Δ End will be 2.2 mm, which is over the required specification. However, if the tests are conducted multiple times after the registration, it is possible to reduce the standard deviation of the mean by adoption of the mean value of these tests. If the number of trials is set n times, the standard deviation of the mean is represented as 2Δ End / √ n by the central limit theorem. It becomes 2Δ End / √ n < 1.0 mm when n ≥ 5 and satisfies the required specification. In a similar manner, the rotation error becomes less than 0.19 degrees when n ≥ 5. However, since this method has not validated the value of the force at the endpoints and it cannot measure the displacement from the knee joint neutral position, we describe only the possibility in this section. Additionally, orthopaedic physical examination of the knee is likely to cause pain to the patient. If the physician executes this method requiring repeated inspection, then it is ethically preferable to apply only to patients in a chronic phase.
Conclusion
In this paper, we report the effect on the motion measurement reproducibility by the anatomical landmark sampling error of orthopaedic physical assisting system. Using the data that was actually measured by using a bone model, the measurement error was assessed when the sampling error was changed by simulation. Moreover, the measurement error of the threedimensional position measurement system was also evaluated. The results obtained from this study can be summarized in the following three points: 1) the sampling of the anatomical landmark of Points B, C, D, and E shown in Fig.7 is particularly important and it is necessary to perform these precisely, 2) to minimize the registration error derived from TRE, the receivers should be placed close to the knee joint, 3) in the diagnostic criteria of 5.0 mm or degrees increments, the probability of the diagnostic errors are approximately 20% in displacement and approximately 16% in rotation when the sampling is within the 0.5 mm radius from the sampling circle. When sampling is within the 1.0 mm radius, the errors are approximately 24% in displacement and approximately 22% in rotation. Moreover, since the measurement method of the three-dimensional position measurement system used by the present system is magnetic, it is important to keep the system as far away as possible from the metal which may distort the magnetic field in order to achieve reproducibility of the test. In this study, the human error that can occur in the real sampling motion was not measured, and we will investigate in the near future what diameter of sampling circle of the anatomical landmark the physician can actually plot.
